The visibility of a target improves when the target is presented simultaneously or with a delay between two collinear Xankers. Here we tested the temporal properties of lateral facilitation by manipulating the timing of both onsets and oVsets of the target and Xankers. The results show that lateral facilitation critically depends on the order of presentation of the target and Xankers. A typical pattern of lateral interactions was observed when the Xankers preceded the target, or were presented simultaneously with it, but not when the target preceded the Xankers. This result is incompatible with a feedforward account of lateral interactions, according to which the two temporal eVects are linearly summed within a higher level receptive Weld. We propose that both facilitation and masking are the result of excitatory and inhibitory interactions within neuronal networks. The temporal asymmetry can be accounted for by assuming diVerent time courses for the excitatory and the inhibitory interactions. Although the excitation is slow to develop, lagging behind the stimulus both in onset and oVset, inhibition is rapid and follows the onset and oVset of the stimulus more closely. Such a network exhibits fast transitions between slow processes. 
Introduction
Visual masking refers to impaired performance on a target stimulus when a mask stimulus is presented for a brief presentation time before, during, or after presenting the target (for a review see Breitmeyer, 1984; Breitmeyer & Ogmen, 2000; Enns & Di Lollo, 2000; Francis, 2000) . Usually, when the target stimulus is presented by itself, it is easy for the observer to perform the task but presentation of a mask stimulus can make the observer's task very diYcult. In the temporal domain the mask can appear either before (forward masking, FM), with (simultaneous masking, SM) or after the disappearance of the target (backward masking, BM). In the spatial domain, the mask can be presented at the same location of the target (pattern masking) or at spatially non-overlapping locations (lateral masking). Herein, we will focus on the lateral masking paradigm.
Evidence for masking eVects can be obtained with a number of experimental paradigms presumably addressing diVerent levels of visual processing, including low-level stages dominated by bottom-up processes, and higher levels of processing with top-down processes. For many years the dominant model of BM attributed the masking eVect to interactions between sustained and transient channels that are thought to carry sensory information with diVerent temporal resolutions (Breitmeyer, 1984) . The relatively fast transient channel, assumed to process the mask, is thought to inhibit the sustained channel, which is assumed to respond to the target. In this model, when the mask is delayed relative to the target, the inhibitory transient signal overlaps the slower sustained signal of the target. Recently this model has been modiWed for distributed neural networks: it includes both early and later stages of visual processing (Breitmeyer & Ogmen, 2000) .
Alternative models have been recently introduced (Enns & Di Lollo, 2000; Francis, 2003) . For example, Enns and Di Lollo (2000) suggested using the object-substitution model that is based on the re-entrant pathways, assuming that perception is achieved when there is a match between the ongoing patterns of activity (bottom-up) and the perceptual hypothesis (top-down) . Introducing the mask with a delay after the target disrupts this match, thus interfering with the perception of the target. Enns and Di Lollo largely based their model on the observation that their eVect of BM is attention-dependent, since the masking eVect is diminished when attention is focused on the target.
However, unlike the classical masking results, it has been shown that the threshold for contrast detection improves when a target is presented between two collinear masks (Polat & Sagi, 1993) . Moreover, contrast detection is facilitated when the target is presented simultaneously with the maskers (Bonneh & Sagi, 1998; Polat & Sagi, 1993 , 1994a , 1994b Solomon & Morgan, 2000; Woods, Nugent, & Peli, 2002) or with a delay (Tanaka & Sagi, 1998a) . Detection of the contrast threshold is facilitated by a spatial context that occurs preferentially with collinear Xankers (Polat & Sagi, 1993 , 1994a , 1994b , suggesting that spatial integration might occur preferentially along the collinear conWgurations (Chen & Tyler, 1999; Polat, 1999; Polat & Tyler, 1999) , and might be mediated by the collinear long-range interactions that connect receptive Welds along their optimal orientations (Kasamatsu, Polat, Pettet, & Norcia, 2001; Polat, 1999; Polat, Mizobe, Pettet, Kasamatsu, & Norcia, 1998) . The collinear facilitation is found in early visual cortex (Kapadia, Ito, Gilbert, & Westheimer, 1995; Mizobe, Polat, Pettet, & Kasamatsu, 2001; but is also found to beneWt from selective attention in humans (Freeman, Driver, Sagi, & Zhaoping, 2003; Freeman, Sagi, & Driver, 2001 ) and monkeys (Ito & Gilbert, 1999) .
Based on the above results, several models of lateral interactions were developed that assume that excitatory and inhibitory connections form a neuronal network that determines the measured responses (Adini & Sagi, 2001; Adini, Sagi, & Tsodyks, 1997; Polat, 1999; . It is assumed that each network unit receives three types of visual input: (1) direct thalamic-cortical input, (2) lateral input from other units within the network, and (3) top-down feedback. These inputs are subdivided into excitatory and inhibitory types. The lateral excitation is organized along the Wlters' optimal orientation and is superimposed on a suppressive area surrounding the Wlters. The steady state of the network may represent the contrast response function of the system.
Masking is a tool that is widely used to study information processing. When a mask is presented, typically within a time window of less than 100 ms, the target's performance is reduced (Breitmeyer, 1984; Breitmeyer & Ogmen, 2000; Enns & Di Lollo, 2000; Francis, 2000; Gorea, 1987) . As the time window between the mask and the target (ISI) presentation increases, the detection of the target is increased, presumably due to a reduction of the suppressive eVect from the mask, an eVect that enables more processing time of the target. The time-window during which the target response is inXuenced by the mask can be interpreted as the time window of interactions between the target and mask responses (assuming an interaction model), or the interference time between bottom-up and top-down.
In this study, we used the lateral masking paradigm that incorporates both low-and high-level components (neural network at the low-level processing and attention from the top-down processing) to explore the temporal domain of the excitatory-inhibitory collinear interactions.
Methods
Eight adult subjects with normal or corrected-to-normal vision participated in this study with both eyes open.
The stimuli were localized gray-level gratings (Gabor patches) with spatial frequencies of 9 cycles per degree (cpd) modulated from a background luminance of 40 cd m ¡2 (Fig. 1 ). Stimuli were presented on a Philips multiscan 107P color monitor, using a PC system. The eVective size of the monitor screen was 24 £ 32 cm, which, at a viewing distance of 150 cm, subtends a visual angle of 9.2 £ 12.2 degrees. The subjects' responses were recorded in a dark cubicle, where the only ambient light came from the display screen.
The masking eVect was measured by comparing the threshold of contrast detection of the target in isolation, to the contrast threshold in the presence of Xankers. The contrast threshold was measured by a procedure in which the subject was required to choose between two temporal alternatives. The subjects, seated 1.5 m from the screen, had to detect the target, which was shown in only one of the two presentations. The interval between the two presentations was 800 ms. A visible Wxation circle indicated the location of the target. The subjects activated the presentation of each pair of images at their own pace. They were informed of a wrong answer by an auditory feedback after each pair of presentations. The subjects performed the testing with both eyes open.
Temporal sequence between the target and the Xankers was achieved by introducing a gap between the presentation time of the mask and the target, being either negative (before, forward masking, FM), zero (with, simultaneous, SM) or positive (after backward masking, BM) after the target. The duration time of the target and the mask was 60 ms and the ISI between the presentations was also 60 ms. In some control experiments the ISI or the duration was increased. The interval between the two 2AFC frames was 800 ms to avoid interference between them. Four visible crosses were presented at the corners of the monitor, at the same time with the target appearance, to avoid temporal uncertainty for the target presentation. In the second set of experiments, a second mask appeared after the SM to explore the eVects of backward masking on lateral interactions. Jitter in time was introduced to avoid time lock by the subject.
Contrast thresholds were measured utilizing a staircase method, which was shown to converge to 79% correct (Levitt, 1971) . In this method, the target contrast is increased by 0.1 log units (26%), after an erroneous response, and decreased by the same amount after three consecutive correct responses. About 40 trials were needed to estimate the threshold in each block. The detection threshold was measured by randomization of blocks that included the same condition, but the distances between the target and mask were varied. In control experiments, the temporal conditions were mixed by trials while the distance was kept Wxed (but see the next section for more details). denotes the target-mask separation in (wavelength) units; the ordinate represents the threshold elevation of the target by the Xankers. Threshold is measured relative to the contrast threshold of the target alone. The results for a distance range of 3-4 show facilitation with FM and SM, but no eVect with BM. At 2 , FM and BM show suppression whereas SM shows facilitation, as expected from previous studies. Fig. 3 shows the data re-plotted for FM, SM, and BM for 2 and 3 . The results show the asymmetry between BM and the other conditions at 3 . A control study shows that the eVect of suppression at 2 disappears after an SOA of 240 ms (ISI D 180).
Results

Asymmetry between forward, simultaneous, and backward masking
EVect of a sustained mask
It is possible that the asymmetric masking eVect observed above is due to diVerences between the temporal response functions (i.e., persistence) produced by the Xankers and the target, resulting in a diVerent temporal overlap between the corresponding responses under the diVerent conditions (FM and BM). Such a temporal asymmetry is expected if the Xankers' response persists longer than the target response, so that in FM the targets interact with the decaying Xankers' response, whereas in BM the delay used is long enough to escape the targets' response. To address this issue, we conducted additional experiments in which the masks were presented for 500 ms while the target was presented for 60 ms, either at the beginning (Fig. 4A, BM) , at the middle (Fig. 4B , BM and SM), or at the end (Fig. 4C , FM and SM) of this period. Here, target presentation always overlapped the mask presentation; thus all these conditions involve simultaneous masking (SM). Of particular interest here is the existence of lateral facilitation in such a condition where diVerent types of temporal masking are activated. The results showed (Fig. 4) facilitation with FM, but this facilitation was not observed whenever BM was involved, i.e., the presentation of the mask continued beyond the oVset of the target. Thus, it seems that BM cancelled or interrupted the eVects of facilitation that was initiated when target and masks overlapped in time (SM).
To check whether the absence of facilitation in the above conditions is not merely due to the long presentation time of the masks, we measured SM for a presentation time of 320 ms (both target and Xankers) and found (Fig. 5 ) a standard facilitation function between 3 and 12 . Therefore, the long presentation time of the mask cannot account for the cancellation eVect of the facilitation during BM with a continuous mask.
EVect of second masks after SM
A surprising result of the previous experiment is the absence of lateral facilitation when the mask stimuli continue to stimulate the visual system after the target was turned oV. Apparently, the sustained masks act to cancel the facilitation developed during the time period (60 ms) where both the target and masks were presented. To explore this possibility and its functional consequences, we investigated whether this temporal continuity is necessary for the cancellation eVect. In the next set of experiments we presented the target and mask for 60 ms (typical SM), with an additional pair of Xankers presented after 60 ms (BM). We also measured SM for 60 ms without BM. The results, presented in Fig. 6 , clearly show that facilitation occurred during SM but not when the same stimulus was followed by the second mask (SM-BM). Note that BM on the target alone using the same temporal sequence (ISI D 60, SOA D 120; see Fig. 2C ) did not show any eVect at a distance of 3 ; thus the cancellation eVect is not the result of additive eVects between the SM and the BM. An experiment was carried out to estimate the temporal window during which the SM facilitation can be interrupted by a second mask, which showed an upper limit of 180 ms (ISI D 180; SOA D 240 ms). Fig. 2 . Asymmetric temporal interactions: the x-axes denote the target-mask separation in units (wavelengths) and the y axes denote the threshold elevation (suppression above and facilitation below zero). (A) Forward masking (FM, 60 ms before the target) for 6 subjects and the average (solid line). Facilitation is found for 3-4 and suppression for 2 . (B) Simultaneous masking (SM); facilitation was found at 3-12 , maximal at 3 , no suppression at 2 . (C) Backward masking (BM, 60 ms after the target); facilitation was not found for any distance, but the suppression is evident at 2 . 
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In the above experiments the SM and the SM + BM were measured while each condition was presented in a separate block. Possibly, the subjects changed their uncertainty level and/or they changed their strategy and/or their focus of attention between the tasks, eVects that may have confounded our results. In an additional set of experiments, we interleaved the conditions together by mixing all trials together at a Wxed target-mask separation of 3 . Four conditions were interleaved: (1) detection of the target alone, (2) the target alone followed by the mask (BM), (3) the target with the mask (SM), and (4) SM followed by BM. Thus, we measured the eVect during a uniform uncertainty level in which the subjects did not know whether the SM will be followed by a second mask or not, or whether the target will be masked or not. The results (Fig. 6D) show that the eVect is practically the same as under the conditions without mixing (Fig. 6C) . Thus, the appearance of second masks 60 ms (ISI D 60; SOA D 120 ms) after SM interrupted the development of the expected facilitation.
Discussion
The present results show that lateral facilitation of target detection by Xankers is critically dependent on the order of presentation of the target and Xankers. A typical pattern of lateral interactions was observed when the Xankers preceded the target, or were presented simultaneously with it, but not when the target preceded the Xankers. This temporal asymmetry is consistent with the existence of diVerent temporal response functions for the target and Xankers. More speciWcally, it indicates that there was a longer persistence of the response to the Xankers so that delayed targets can interact with Xankers but not vice versa. This interpretation of the results fails in view of the results obtained with stimuli containing both simultaneous and delayed Xankers, which did not exhibit lateral facilitation. Importantly, these latter results indicate that facilitated targets do persist to meet the delayed Xankers, but for the purpose of loosing facilitation. Thus, delayed Xankers do interact with the preceding target but act against the facilitation generated by the simultaneous Xankers. Since here BM aVects the lateral facilitation and not the isolated target detection, we suggest that backward masking by Xankers does not act on the neuronal processors directly responding to the target but rather, acts to cancel the interactions between the simultaneously presented Xankers and the target. An alternative interpretation, according to which the BM Xankers inhibit the preceding SM Xankers, can be ruled out since the facilitatory eVects are largely contrast-independent when the Xankers' contrast is more than twice their threshold (Levi, Hariharan, & Klein, 2002; Polat, 1999; Zenger & Sagi, 1996) . In the present study the Xankers were at 60% contrast, which is about eight times the detection threshold. Thus, it is improbable that the backward masking reduced their eVective contrast by a factor of 4. It seems that here the backward masking acts on the interactions between Xankers and the target to reduce their eVectiveness. 5 . SM for the duration of 320 ms: the x-axis denotes the target-mask separation in units (wavelengths) and the y-axis denotes the threshold elevation (suppression above and facilitation below zero); the mask and the target were presented for 320 ms; facilitation was found for a targetmask separation of 3-12 . 
Target-Mask Separation
Threslohd Elevation Fig. 4 . Temporal interactions with sustained mask: the x-axes denote the target-mask separation in units (wavelengths) and the y axes denote the threshold elevation (suppression above and facilitation below zero). The mask was presented for 500 ms while the target was presented for 60 ms at the end (FM, A), at the middle (SM, B), or at the beginning (BM, C) backward masking (BM). Facilitation was not found for any condition where the mask continued to be presented after the oVset of the target. The suppression was evident at 2 for all cases. What is the neuronal mechanism that underlies the masking eVects? We wish to Wrst point out that the eVects described here cannot be explained by a neuronal summation of the mask and target eVects within a linear spatial Wlter with a nonlinear transducer function. Such a mechanism can account for simultaneous masking (Foley & Legge, 1981; Zenger & Sagi, 1996) but cannot explain the temporal asymmetry observed here with asynchronous presentation. We suggest that both facilitation and masking are the result of excitatory and inhibitory interactions within neuronal networks that respond to the Gabor stimuli (Adini et al., 1997; Hirsch & Gilbert, 1991; .The temporal asymmetry can be accounted for by assuming diVerent temporal responses for the excitatory and inhibitory interactions. We have assumed that excitation is slow to develop, lagging behind the stimulus both in onset and oVset, whereas inhibition is fast and follows the onset and oVset of the stimulus more closely. The presentation of Xankers initiates both excitatory and inhibitory processes within processing units responding directly to the Xankers and units that are activated indirectly by lateral interactions, which reach a stable state in which the two opposing processes are balanced. This suggestion is supported by the relatively slow time scale that characterizes lateral interactions (Bringuier, Chavane, Glaeser, & Fregnac, 1999; Grinvald, Lieke, Frostig, & Hildesheim, 1994) and strong transient (Borg-Graham, Monier, & Fregnac, 1998) and fast inhibition (Bair, Cavanaugh, & Movshon, 2003) .
In FM ( Fig. 2A) , the presentation of the Xankers initiates both excitation and inhibition, with inhibition decaying as soon as the Xankers are turned oV. As a result, the neuronal response to the delayed target will be added to the slowly decaying excitatory eVects initiated by the Xankers (see also Tanaka & Sagi, 1998a , 1998b . In SM (Fig. 2B) , the low inputs due to target presentation bias the network response toward excitation whereas in BM (Fig. 2C) , the fast-rising inhibition due to mask presentation will act against the persisting excitation. In situations where the mask is continuously presented (Fig. 4) , both excitation and inhibition are activated so that there is no net eVect on the target cells, unless the maskers are turned oV before the target response has decayed, as in the SM (Fig. 2B ) and FM + SM (Fig. 4) conditions. This account of masking agrees with an earlier one that assumed transient inhibition acting on sustained excitation (Breitmeyer, 1984) regarding the rise in time, which was fast for inhibition and slow for excitation, but diVers from the transient/sustained model in assuming that both inhibition and excitation remain active as long as the stimulus is present. In addition, our account does not assume that diVerent processing channels respond to the target and masks (Breitmeyer, 1984) but rather that D all stimulus components activate both excitatory and inhibitory processes in a contrast-dependent manner. The masking literature distinguishes between pattern masking (mask and target at the same retinal location) and meta-contrast (mask location does not overlap with the target location). Here, the stimuli do not have sharp boundaries and, as a result, overlap to diVerent degrees at separations 0-3 . Within the context of neuronal modeling, an important factor is the overlap between the receptive Welds of the responding units, which may account for lateral interference regardless of whether the stimuli overlap or not. It has been suggested that facilitation by masks presented at a distance of 3 or more from the target reXects eVects from outside the receptive Welds that receive direct input from the target whose size is estimated to be about 2 (Mizobe et al., 2001; Polat, 1999; Polat, Norcia, Mizobe, & Kasamatsu, 1996; Polat & Sagi, 1993; Zenger & Sagi, 1996) . Thus, masking eVects from target-mask separations of 2 or less may be considered as integration within this receptive Weld (pattern masking) whereas separations of 3 or more activate lateral interactions between diVerent neurons responding to the target and the mask (lateral masking).
Lateral interactions are slow, relative to the direct input received by the receptive Weld (less than 2 ), since mask eVects from outside the receptive Weld propagate to the target's location through the lateral connections. Using a similar experimental method, Tanaka and Sagi (1998b) estimated the propagation speed of lateral excitation to be about 3°/s (Tanaka & Sagi, 1998b) , in agreement with estimates from intracellular and optical imaging studies (Bringuier et al., 1999; Grinvald et al., 1994 ). An estimate of the persistence time of the target response taken from physiological experiments (Albrecht, 1995; Mizobe et al., 2001; provides an upper limit of 200 ms. This estimate is consistent with psychophysical results showing that integration for contrast is 160-200 ms at the detection threshold (Watson, Barlow, & Robson, 1983 ). Thus, facilitation is possible only if the propagation of the excitatory input from the mask to the target is not delayed by more than the persistence of the feedforward input (less than 200 ms). At a target-mask separation of 3 (separation D 0.4° for 9 cpd), the estimated propagation time is about 120 ms. Thus, in SM, the lateral propagation time of the excitatory input from the mask reaches the target's location after about 120 ms, which is within the target's persistence time, and facilitation is observed. In FM, the mask response is advanced by 60 ms and thus reaches to the target's location 60 ms earlier than in SM. In BM, however, the mask response is delayed by 60 ms; thus, it may arrive to the target's location after 180 ms (which is about the estimated time limit of the integration time), and it failed to facilitate the target. Note that there is no eVect of suppression from a target-mask separation of 3 or more. This result may indicate that lateral inhibition is ineVective at threshold, in agreement with the results revealed from the visual cortex of cats (Polat et al., 1996) . In summary, our data point to a division in the temporal domain between the excitatory and inhibitory lateral interactions within the visual cortex: fast inhibition followed by slow and persisting excitation. The fast-reacting inhibitory processes may function to erase slowly decaying excitatory processes, allowing for new excitatory processes to develop. Such a network allows for fast temporal segmentation of slow integrative processes underlying the spatial grouping of object parts.
